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ABSTRACT

Coat protein mediated protection results in delay of symptoms and lower virus
concentration within tobacco plants. In this study, plants of two transgenic Nicotiana
tabacwn cv. 'Xanthi' lines expressing the soybean mosaic virus coat protein (SMV-

CP) were inoculated with four potyviruses: potato virus Y (PVY), tobacco vein
mottling virus (TVMV), tobacco vein banding mosaic virus (TVBMV), and tobacco
etch virus (TEV). Protection varied from no delay in disease development to

protection for up to 20 days. Xanthi was determined not to be a good host for TVMV
since controls became only mildly infected. With PVY there was no delay in disease
development seen in either of the transgenic tobacco lines. Symptom expression was

moderately lessened with challenge of TVBMV, however virus accumulation was
decreased only slightly. Strong protection was observed with TEV for 20 days in both

transgenic lines. The type of protection shown with TEV would be highly desirable in
an economic cultivar of tobacco. Therefore, binary vector pBI2-21B carrying the

SMV-CP gene was used to transform several lines of Nicotiana tabacwn cv. 'Burley'.
Transformation of tobacco was via Agrobacteriwn twnefaciens carrying pBI2-21B and

plants regenerated by standard tissue culture methods. Transformed tobaccos were
identified during the Ro generation using Protein A Sandwich-ELISA, PGR, and

Southern blot analysis. These techniques preliminarily allow for early identification of
transformed plants.
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CHAPTER 1

INTRODUCTION

Potyviruses constitute the largest plant virus group and cause the greatest
economic damage in crops due to viral diseases. The viral genome is a single
stranded (+)sense RNA of about 10 kb in length. The nucleic acid is encapsidated
in coat protein to form long flexions rods (41). Attempts to lessen crop loss due to
the diseases caused by potyviruses have traditionally been through resistant cultivars

and implementing cross protection. Currently, Nicotiana tabacim L.'TN 86' and
'TN 90' are hurley tobacco cultivars used in the field with resistance to tobacco etch

virus (TEV), tobacco vein mottling virus (TVMV), and some isolates of potato virus
Y (PVY).

In 1986, a promising new strategy of protection called coat protein mediated

protection (CP-MP) was shown to be effective against viral infection (54). Coat
protein mediated protection has been shown to lessen disease development, symptom

severity, and in some cases even provide immunity to virus challenge. This is
accomplished by the insertion of cDNA containing the coat protein gene of a virus
into the DNA of target plants to protect against infection of that virus. Further
studies have shown that one coat protein gene may protect against several closely
related viruses. This is referred to as broad spectrum CP-MP and is generally

observed in viruses having greater than 60 % sequence homology in their coat
proteins (3).
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'Xanthi' tobacco containing the coat protein from soybean mosaic virus(SMV)
was shown to have tolerance to TEV and PVY (65). The first objective of this study

was to increase the number of viruses tested to four potyviruses. The isolates tested
were two different PVY and TEV isolates from that of the first study (65), and

TVMV and tobacco vein banding mosaic virus(TVBMV)(Chapter 3). Transgenic

hurley tobaccos with broad spectrum resistance would be highly desirable. Therefore,

development of transgenic hurley tobaccos containing the SMV-CP was the second
goal of this study. Early detection of SMV-CP gene in transgenic hurley tobacco
genomes was accomplished using polymerase chain reaction (PCR) and a
nonradioactive probe for the SMV-CP in a colorimetric assay. The strategy used to
achieve this goal is outlined and discussed in Chapter 5.

CHAPTER 2

COAT PROTEIN MEDIATED PROTECTION
Literature Review
Cross Protection

Cross protection has been used to lessen severity of viral diseases in agricultural

crops (54). This method of control is initiated by artificially inoculating the crop with
a mild or inducing strain of the virus that is to be controlled. The protection ranges
from a decrease in infection or symptoms to immunity. The mechanisms responsible

for cross protection are not well understood. One hypothesis is that the replication of
the mild virus strain depletes the host cell of a component or components needed for

replication of the virulent or challenge virus (24). Another hypothesis is that the coat

proteins from the initial infection may encapsidate challenge RNA, therefore resulting
in less replication of the challenge virus (10). A third hypothesis involves the
inducing viral RNA. The inducing sense or antisense viral RNA anneals to the
challenge virus and reduces replication of the virulent strain (50). The fourth
hypothesis is that the uncoating of the challenge virus is blocked by the inducing virus
(72).

Cross protection has potential problems. A potentially negative aspect of cross

protection is that the mild strain could mutate to a highly virulent strain, and the
mutant would then be selected during replication (50). Also, many viruses have

synergistic effects when coinhabiting a host. Thus a different virus entering a field

that has been previously inoculated with a mild virus could increase disease, as is the
case of tobacco mosaic virus(TMV)and cucumber mosaic virus(CMV)in tomato

(Lycopersicia esculentwn L.)(20). Another consideration is that a strain which is
mild on one crop may be highly virulent to another crop. Therefore, surrounding

crops must be considered before a field is inoculated (27). Finally, a mild strain of a
virus will always cause a small, but in some cases, a significant loss in yield (78).

Coat Protein Mediated Protection

Coat protein mediated protection refers to the resistance in a transgenic plant due
to the insertion of cDNA containing a viral coat protein gene. This protection is

different than cross protection in that cross protection is due to a complex host:viral
interaction caused by the entire infection cycle of the inducing viral genome. In CP-

MP only one of the products, the coat protein, is used to convey a similar type of
resistance. CP-MP manifests itself as immunity or resistance to infection and/or

disease development, when challenged by the virus from which the CP was derived
or a closely related virus (3).

Construction of a Chimeric Coat Protein Gene

One major requirement of CP-MP is that the target plant must be able to be

transformed and regenerated. Transformations of dicots have been more successful
than monocots (3). Monocots are recalcitrant to regeneration through tissue culture.
In most cases, tobacco has served as a model system.

Before using a CP gene for making transgenic plants, one needs to know the
organization of the viral genome and the epidemiology of the virus disease. First, a
cDNA complementary to the CP coding region of the viral genome is produced and if
necessary, a start codon is engineered into the proper reading frame to enhance

expression. A promoter must be included along with the CP sequence for the CP

gene to be expressed in plants. The 35S promoter from cauliflower mosaic virus
(CaMV)is the most used promoter to date followed by the CaMV 19S promoter (3).

Finally, a 3' end terminator with a polyadenylation signal must be included. Several
have been used to date from CaMV, storage protein genes, light-regulated genes, and

the T-DNA region of Agrobacterium tumefaciens Ti plasmid (NOS)(3).

Five types of viral nucleic acids have been used to transform plants for resistance
to viruses. 1) The cDNA's of satellite RNA of CMV and tobacco ringspot virus

(TRSV) have been expressed in plants, and these protected against helper viruses
(23,28) 2) Expression of self-splicing RNA from satellite RNA of tobacco ringspot
virus (TRSV), is able to cleave target virus RNA (22) 3) Antisense RNAs have

provided only weak or no protection (37) 4) Viral replicase genes or portions of the
gene (25,31) have provided protection and 5) Coat protein gene promotes resistance
in many cases (3). Twelve plant virus groups have been used to study coat protein
mediated protection.

Previous Studies of CP-MP

Several studies of CP-MP have been conducted with alfalfa mosaic virus (AIMV),

a single member virus group. Tumer et al. (70) constructed a CaMV35S:AlMVCP:NOS sequence and introduced it into tobacco and tomato via the Agrobacterium

tumefaciens transformation system. The tobacco was challenged with AIMV and after
two weeks no symptoms were observed in the CP(+) transgenic lines while CP(-)
lines had lesions. In another study, Loesch-Fries et al, (39,70) made two constructs,

both encoding the ORF of AIMV-CP. One was placed after the CaMV19S promoter
and before the CaMV 3' end region, while the second contained the

CaMV35S:AlMV-CP:NOS. The first construct expressed the coat protein at 0.05%

and the latter at 0.13% of total leaf protein. The CaMV35S proved to be a much

better promoter, and these plant lines were resistant to two strains of AIMV. The
lines were not resistant to TMV or AIMV RNA. A third group of researchers

transformed CaMV35S;AlMV-CP into alfalfa {Medicago sativus L.) and observed that

both protoplast and plants were resistant to AIMV (72). In the same study, tobacco
was transformed with the same construct and was resistant to the AIMV strain YSMV

but susceptible to AIMV RNA and tobacco streak virus (TSV). They also constructed
a transgenic line that expressed AIMV-CP RNA but no CP by mutating the CP gene
via a frame shift mutation. In this case, no protection occurred when challenged with

AIMV (72). These studies support the hypothesis that the coat protein, not the CP
RNA, is responsible for protection against AIMV in the transgenic plants.
TSV of the Ilarvirus group is similar to AIMV in that it has a tripartite genome
with RNA 3 and 4 encased in one of the icosahedral particles. The CP of this virus

must be present for the virus to replicate within its host. Two tobacco lines, 'Samsun

NN' and Xanthi nc, were transformed with the CP gene from TSV strain WC (73).
A 10 /ig/ml challenge inoculation with TSV resulted in lesions on control plants, but
no symptoms on transformed plants up to three weeks after inoculation. Further, no
intact virions were recovered from noninoculated leaves of the transgenic plant

CP(+). AIMV, like TSV, is dependent upon the presence of CP for replication, and
CP of TSV enables AIMV RNA to replicate. However, when TSV CP(+) plants

were challenged with AIMV, no resistance was achieved. Therefore, CP-MP is a
different event than CP-dependent replication (73).

CMV has a tripartite genome in which RNA 3 and 4 are encapsulated together.
A cDNA clone of the RNA 4 of CMV strain C was transformed in cucumber

{Cucumis sativus L.)(7). Two CP(-I-) lines were determined to be resistant, because
lower amounts of CMV-CP were detected in the inoculated and the systemically

infected leaves than in the control plants. CP(-) plants developed symptoms when

challenged with 5 /xg/ml of CMV where as a CMV concentration up to 50 fig/ ml
caused little or no disease symptoms in CP(+) plants (7).

Potato virus X (PVX)from the Potexvirus group contains a (-I-) sense RNA and

subgenomic RNA coterminal with 3' end. Hemenway (32) transformed tobacco with
PVX-CP gene and observed that only 10-30% had symptoms by 18 days post
inoculation. However, all control plants were infected by day 11. Further, plants

that were CP(-I-) were lower in virus titer in both inoculated and systemically infected
leaves. Lawson (36) transformed "Russet Burbank" potato (Solarium tuberousum L.)
and discovered no PVX accumulated in any of the CP(-I-) lines while all of the CP(-)

control plants were infected. When potato cultivars "Blende" and "Escort" were
transformed, 20-50% less PVX accumulated in the CP(-I-) lines, and there was a

distinctly slower rate of symptom development (33).
The cDNA of PVY-CP was mutated to include an AUG initiation codon. The

modified cDNA was ligated between the enhanced CaMV35S promoter and the E9 3'
end. The chimeric gene was introduced into Russet Burbank potato on a plasmid that
also contained a PVX-CP gene. Extractions of the total leaf protein contained up to
0.01% - 0.05% of PVY-CP and 0.05% - 0.2% PVX-CP. In experiments where virus

was inoculated mechanically, plant lines expressing both PVY and PVX CP were

resistant to infection by PVY at 20 ^g/ml, however only 80% of the CP(-) plants
became infected. Line 303 was highly resistant and often escaped infection when
inoculated with PVY and PVX simultaneously (36). When green peach aphids were
used to inoculate PVY, the amount of infection in CP(-) plants was low and no virus

was detected in the CP(-f) line 303. Line 303 was considered immune to PVY and
PVX under these conditions of inoculation despite levels of viral CPs were lower than

susceptible lines. Other unidentified factors, in addition to CP gene expression, may
influence levels of resistance (36).

Tobacco rattle virus (TRV) of the tobravirus group contains a bipartite genome of

(+)sense RNA. The Samsun NN cultivar of tobacco was transformed using the
TRV-CP gene from TCM strain of TRV (TRV-TCM)(71). Necrotic spots on
inoculated leaves and severe necrosis developed systemically in the CP(-) line. The

CP(-I-) line with 0.05% of the total leaf protein expressed as CP had little or no
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accumulation of TRV RNA after inoculations of 1 ^g/ml of TRV-TCM. The CP(+)
lines were also inoculated with TRV strain PLB and pea early browning virus
(PEBV). Although the CPs of TRV-TCM and TRV-PLB strains of TRV have only
39% homology in amino acid sequence, each CPs can encapsidate the other RNA.
PEBV has more amino acid sequence homology to the TCM-CP than does the PLB
strain. The TRV-TCM CP(-t-) lines were not resistant to the TRV-PLB stain but
were resistant to the PEBV. It was suggested that the resistance of the TRV-TCM

CP(-I-) transgenic plants to PEBV was due to the highly homologous CPs. It is

highly unlikely that the resistance is due to the CP;RNA interaction since the CP
molecules of each TRV strain (TCM and PLB) are capable of encapsidating the others

RNA but TRV-TCM CP(-I-) plants were not protected against inoculation with the
TRV-PLB (71).

The tobamovirus group has been extensively studied by transforming Xanthi,
Xanthi nc, and tomato cultivar 'VF36' with the CaMV35S:CP:NOS 3' construct

encoding the CP of TMV (54). The CP(+)lines escaped or developed symptoms

significantly later than the CP(-) lines. Concentrations of inoculations tested varied
from low (0.001 /ig/ml) to high (10 -100 /ig/ml)(54). Concentration of virus(TMV)
to overcome CP(+) resistance was at least 10* higher than the amount needed to

induce symptoms in CP(-) plants (1). Expressed TMV-CP is necessary for resistance
in addition to CP RNA sequences (53). Site specific mutagenesis was performed to
delete ATG initiation codon from the gene. This resulted in accumulation of TMV-

CP RNA but no actual CP. These plants were not resistant to infection by TMV, and

the CP(+)lines with the ATG codon that accumulated less than 0.01% CP per total

protein were greatly reduced in protection. The transgenic lines capable of expressing
CP levels of 0.01 -0.2% of total protein showed a dramatic increase in resistance to
TMV infection and disease development compared to the CP(-) lines (53).

In yet another study the tomato cv. VF36 was transformed with the TMV-Ui-CP
gene (47, 71). The CP(-l-) tomatoes were resistant to 20 /xg/ml of TMV and several
tomato mosaic viruses (ToMV). ToMV is contained within the tobamovirus group
and shares 80 - 85% homology in the amino acid sequences with TMV-CP.
However, resistance to ToMV was not as great as the resistance to TMV (47,61).
Studies with TMV indicate that the coat protein and not the CP RNA are involved in
the protection (3).

Broad Spectrum Resistance

Broad spectrum resistance has been shown to occur in the tobamovirus group.
CP(+)lines expressing the TMV-CP were challenged with viruses within the same

group varying in CP homologies to four different degrees (46). Xanthi nc line 748,
CP(-I-), was inoculated with TMV-U, and the following viruses in order of
relatedness: ToMV, pepper mild mottle virus (PMMV), tobacco mild green mosaic

virus(TMGMV; U2 strain), ondontoglosum ringspot virus (ORSV), ribgrass mosaic
virus (RMV), and sunn hemp mosaic virus (SHMV). The CP homology of these
viruses to TMV-CP ranges from 85% homology for ToMV to 40% homology for
SHMV. The development of local lesions was analyzed and recorded. The amount

10

of protection conveyed was as follows: TMV 95 - 98%, ToMV 95 - 98%,PMMV 95
- 98%, TMGMV 95 - 98%, ORSV 80 - 95%, RMV 40 - 60%, and SHMV 40 - 60%.
Transgenic plants expressing the TMV-Ui-CP gene were more resistance to challenge
viruses that shared greater than 60% sequence homology within their CP genes (46).
In tomato expressing TMV-CP resistance to ToMV was not as great as in tobacco
lines (46). CP(+)lines were not resistant to CMV, AIMV, PYX, or PVY.

However, systemic spread of CMV,PVX, and PVY was reduced in CP(+)lines
compared to CP(-) lines. No decrease in infection or systemic spread was noted in
the AIMV challenged plants (46).

Broad Spectrum Resistance in the Potyvirus Group

The potyvirus group is the largest plant virus group and is responsible for the
greatest amount of economic crop losses due to virus (3). Potyviruses contain a (4-)
sense RNA that is 10 kb equivalent in length. They are translated as polyproteins that
are cleaved after transcription by one or more proteases encoded by the viral genome.

The CP gene is at the C terminal of the polyprotein coded for by the viral RNA
(11,63). In one study, the protein sequences of twenty potyvirus CPs were compared
and homology among twenty CPs ranged from 50%-60% homology, with several
blocks of identical amino acid homology (63). Several studies have been conducted in
this group for resistance to potyvirus infection.

Stark and Beachy inserted a CaMV35S:SMV-CP:NOS 3' construct encoding for
SMV strain N CP into Xanthi tobacco. The CP-cDNA was altered by inserting an
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AUG codon into the sequence to facilitate translation. Lines regenerated expressed
0.001% - 0.23% of SMV-CP in the total extractable leaf protein (64). CP(+)

plants were inoculated with TEV or PVY and their CPs were antigenically

distinguishable from SMV. Line 1052 was tolerant to inoculation of up to 50 /tg/ml
of PVY and TEV. The older the plants were before inoculation the more resistance
was seen. Plants inoculated 37 days after transplanting were significantly more

resistant than plants inoculated after 31 days post transplanting (64). Many CP(+)
plants escaped infection entirely, while others developed mild symptoms on one or

several leaves by 12 days post inoculation. Low disease ratings correlated with low
virus replication (65) and this has been referred to as "protection against heterologous
viruses" or "broad spectrum resistance".

Namba et al. (44) described 'broad spectrum resistance' within the potyvirus

group in N. benthamiana transgenic for watermelon mosaic virus n(WMV II) or
zucchini yellow mosaic virus (ZYMV). Even though the viruses share only 70%
amino acid homology, both types of transgenic plants had high levels of resistance or
tolerance when challenged with WMV II. The transgenic lines expressing WMV n

or ZYMV CP showed the highest level of protection against WMV 11, followed by

clover yellow vein virus (CYVV); then the group of bean yellow mosaic virus
(BYMV), pepper mottle virus (PeMV), and TEV; and then PVY and pea mosaic
virus (PMV). The best protection was seen for all viruses when lower inocula levels
were used. Transgenic plants expressing WMV n were generally more protected

against potyviruses tested than those expressing ZYMV-CP gene. In previous studies
12

a nonpathogen of tobacco conveyed resistance to other potyvirues (44). This study is
unique in that the relative effectiveness of CP-MP could be compared between the
heterologous and homologous virus infections (3).

Immunity in Nontranslaiable CP Transgenic Plants

Lindbo and Dougherty (37) developed transgenic 'Burley 49' tobacco plants by

transforming with one of six different constructs containing the tobacco etch virus
(TEV) coat protein nucleotide sequence. The six different construct forms were one
full length CP, 3 truncated CP's, one antisense (AS), and one nontranslatable
construct (RC). Evaluation of disease resistance in transgenic Rj and Rj plants ranged

from moderate symptoms to immunity depending on transgene expressed. Truncated
forms generally conveyed more resistance than full length CP, while nontranslatable
RC construct was immune. An initial publication also stated that the antisense

construct was highly resistant but further studies caused the researcher to withdraw
the statement (Lindbo, per.comm). Protoplasts from the transgenic lines CP(+)

supported viral replication, whereas lines expressing RC RNA did not support viral
replication in a detectable level in protoplasts. Truncated constructs are thought to
have interfered with long range movement of the virus. The RC construct was

thought to interfere with viral replication. This research supports the theory that the
resistance conveyed was a function of at least two different mechanisms in these
transgenic plant lines (37).

Farinelli and Malnoe (15) transformed tobacco plants with the 3' end of PVV^,
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including part of the Nib gene, the CP gene, and the 3' untranslated region. There
was no start codon, therefore no CP was expressed. They identified one line (485)

expressing the 3' PVY'^ mRNA that was immune to infection by PVY'^ and two
isolates of PVY°. Line 485 was tolerant to inoculations with the potato virus V

(PVV). Similar results were obtained with mechanical or aphid inoculation.
Transgenic plants expressing the same 3' sequences in an antisense orientation were

only partially protected from infection by PVY'^ and susceptible to PVY° and PVV.
Line 485 was immune to PVY'' or PVY° infection when dually inoculated with PW.

Their work along with Lindbo and Dougherty indicated that the CP mRNA alone is
sufficient to provide resistance to the virus perhaps by hybridization to the minus-

strand or by the 3' untranslated region being used to initiate abortive minus-strand
synthesis (15).

Effect of Temperature on CP Stability

Effect of temperature on the stability of the CP in plant tissue was analyzed for
TMV and SMV (45). Transgenic 'Xanthi' plants containing the TMV-CP held at
35*C were less resistant than plants held at 24*C or plants held at 12 hour cycles of
24*C and 35'C. Amount of CP RNAs expressed in the transgenic lines were

equivalent at 24'C and 35'C. However, total CP dropped by 90% in plants kept at a
constant 35'C. Transgenic tomato plants kept at 35*C were as resistant as those at

24*C, although the expression of TMV-CP was significantly lower. Amount of SMV
CP in tobacco was unaffected at the higher temperature of 35*C (45). Thus elevated
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temperatures may affect CP molecules differently in different hosts and may have a
significant effect on CP-mediated resistance (45).

Mechanisms of Coat Protein Mediated Protection

Several mechanisms have been postulated for CP-MP. Entrance of a virus, the

first step of virus infection, is through a wound or vector. Release or uncoating of
nucleic acid must occur before translation by ribosomes can take place. Before the
release of nucleic acids virions swell. Ribosomes bind and disassembly of the virus is
concurrent with initiation of translation. Coat protein-mediated resistance can be

overcome by inoculating with viral RNA rather than virions in some cases. This is
the case for TMV (48), AIMV (39,72), and TSV (73). However, inoculation with
PVX RNA did not over come resistance (32). Several studies of protoplasts from

CP(-I-) transgenic plants support the theory that CP:RNA interaction plays a role in
resistance. Resistance was found against AIMV in CP(-I-) protoplasts, but not against

AIMV-RNA (38). Less resistance was seen against TMV-RNA or TMV briefly
treated at pH 8.0 to swell the virions than against untreated TMV in CP(-t-) plants

and protoplasts (56). In one study, encapsidated chimeric mRNA encoding /3glucuronidase (GUS) was substituted for the TMV-CP to produce pseudovirions and
introduced into protoplasts (49). GUS was poorly expressed in the protoplasts of the

CP(-I-) plants compared to the CP(-) plants. However, GUS mRNA was expressed

equally in both types of protoplasts (49). Thus, that CP may interfere with an early
event in infection that releases the encapsidated RNA.
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Resistance may also occur at some other early event in the infection of the virus.
Transgenic tobacco plants expressing the TMV-Ul-CP gene were challenged with
pseudovirus TMV U1 RNA encapsidated with SHMV-CP. Little resistance was seen
in CP(+) plants inoculated by these pseudovirions. In contrast when SHMV RNA
was encapsidated with TMV-UI-CP, plants were essentially immune to the challenge.
Therefore, TMV-CP may play a role in the replication of TMV RNA (49). Other
studies do not support the role of the protein;RNA interaction. Study of the TRY
strains TCM and PLB showed that even though both viruses could encapsidate the

other's RNA, transgenic tobacco plants expressing the CP of the TCM strain of TRY

did not protect against PBL strain (71). Lack of resistance against both viral RNA

and preswelled virus particles of TMY argues against re-encapsidation of viral RNA
as a primary mechanism of resistance (3),

Another hypothesis is that late events in the infection process could delay the

spread of infection. Several studies have shown that systemic infection in CPmediated resistance is prevented or delayed due to interference with viral replication,

reduced spread of virus from cell to cell in inoculated tissue, reduced egress of virus
from inoculated leaf to the vascular tissue, reduced ingress from vascular tissue into

upper or lower systemic leaves, or initiation of infection in other leaves (3). Another
mechanism may be interaction of the transgenic mRNA interfering with nascent (-H)
or (-) strand synthesis or some other replication event such as RNA:replicase
interactions. Other studies have implicate unknown host components in CP-MP. It is
highly likely that all of these mechanisms can occur.
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CHAPTER 3

EVALUATION OF TRANSGENIC Nicotiana tabacum cv.'XANTHF
EXPRESSING THE SMV-CP GENE
Introduction

Stark and Beachy (65) inserted the SMV-CP gene into Xanthi tobacco (lines 105243 and 1052-74) and observed tolerance to infection by PVY and TEV. Other studies
have shown that CP-MP was specific only to the virus from which the CP gene was

expressed (37). The same transgenic lines, 1052-43 and 1052-74, were used in this
study and were a kind gift from Dr. Beachy. In this study additional challenge
viruses were used. Two different isolates of PVY and TEV than those used by Stark

and Beachy (65), TVMV and TVBMV were studied. CPs of four viruses mentioned
above have greater than 63% amino acid homology to the SMV-CP. SMV is a

member of the potyvirus group but is not able to infect tobacco. Expression of SMVCP gene in Xanthi has shown that protection to closely related viruses can be
achieved by the insertion of only one CP gene. The purpose of the study was to
evaluate broad spectrum resistance within the potyvirus group.
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Methods and Materials
Evaluation of Transgenic Plants
Challenge with Four Potvviruses

Seed for transgenic Xanthi tobacco lines 1052-43 and 1052-74, expressing the

SMV-CP gene were obtained from Dr. Roger Beachy. A third line, 306, containing
the plasmid vector without SMV-CP gene (65) was used as a negative control.
Xanthi plants were grown in 6" clay pots containing a soilless potting mix under
greenhouse conditions. Viruses used were: PVY-TNIOO, an isolate from hurley
tobacco in Tennessee (Reddick, unpublished), TVMV-NC148 (59), TVBMV (55), and

TEV-NC191 (59). Infected tissue was macerated with a mortar and pestle in 0.03 M

Na2P04(pH 7.3) containing 0.05% 2-mercaptoethanol. Each plant was dusted with
carborundum and mechanically inoculated using a sterile gauze pad. Inoculum
concentration was approximately 2-10 /ig/ml. A total of 75 plants, 25 from each
line, were used in each experiment. Experiments were replicated 3 times. Of the 25

plants, 20 plants were inoculated with virus, 5 plants for each virus, and 5 were
inoculated with healthy tobacco sap as a negative control. Plants were arranged in a
random design and symptom expression was recorded daily for 20 days. Symptoms
were examined visually and scored using a 0-5 scale. The scale was as follows: 0 =
no disease symptoms; 1 = possible disease development on one leaf above inoculated
leaves; 2 = vein clearing on one leaf above inoculated leaves; 3 = vein clearing and

possible mild chlorosis on two or more leaves above inoculated leaves; 4 = vein
clearing and chlorosis on two or more leaves above inoculated leaves with light/dark
18

green areas appearing; 5 = severe disease symptoms including chlorosis, mottling,
and occasional necrosis (65). On days 4,6,8,12,16 & 20 leaf disc samples were taken
from systemically infected leaves from each plant. All tissue was stored at -70'C
until assayed by Protein A Sandwich-ELISA (PAS-ELISA)(12). Microtiter plates
were first washed with distilled water, then coated with Protein A (1 /tg/ml) in 0.05

M sodium carbonate buffer (pH 9.6) and incubated for 2 hr at 30*C. Plates were

washed with phosphate buffered saline (0.02M phosphate, 0.15 M NaCl, 0.003 M
KCl, 0.2% NaNs, pH 7.3) containing 0.05% Tween 20(PBS-Tween) and appropriate
antisera [anti- PVY, TVMV, TVBMV, or TEV (1:5000 in PBS-Tween)] were added

to each plate and incubated for 2 hr at 30°C. Samples were macerated in 1.5 ml
microcentrifuge tubes with a pestle attached to a overhead stirrer. Each sample was
diluted with PBS-Tween 1:10 and 1:50(W:V)(2 wells per dilution). Plates were

washed with PBS-Tween and the appropriate antisera were added (1:2000 in PBS-

Tween) and incubated for 2 hr at 30* C. After washing, protein-A alkaline

phosphatase (Sigma)(0.4 ^g/ml in PBS-Tween) was added and incubated for 2 hr at
30*C then washed again. Substrate, p-nitrophenylphosphate, was added to plates and
the reaction was allowed to develop for 20 - 45 min depending on antiserum used.
Absorbance values (405nnO were recorded at this time. PBS-Tween was used as a
control. A ten-fold dilution series of purified virus was used as a positive control and

sap from plants of each line inoculated with buffer was used as a negative control.
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PVY Dilution Experiment

Transgenic lines 1052-43, 1052-74, and 306 were evaluated for resistance to PVY
with varying concentrations of inoculum. Plants were grown as described previously.
The PVY-TNIOO infected tissue was macerated and diluted to 1:10, 1:100, 1:1000,

and 1:10,000 in 0.03M Na2P04(pH 7.3) containing 0.05% 2-mercaptoethanol. Plants

were placed in a random design and the experiment was replicated twice. Seventy

five plants, 25 from each line, were dusted with carborundum and mechanically
inoculated using a sterile gauze pad. Twenty plants were inoculated 5 for each
dilution. Remaining plants were inoculated with healthy plant sap (control).

Symptoms were evaluated and tissue samples taken on days 4, 8, 12, 16, and 20.

Symptoms were rated as previously described. PAS-ELISA was not run on the tissue
samples collected.

Results

Evaluation of Transgenic Plants
Challenge with Four Potwinises

In experiments with PVY-TNIOO, symptom development was similar in SMVCP(-I-) lines (1052-43 and 1052-74) and in 306 (Fig. 3.1 A). All plants had vein

clearing in noninoculated leaves within 4 days post inoculation. Severe mosaic

patterns appeared by day 16. On day 20 most 1052-43 or 1052-74 plants were scored
disease rating of 5. PAS-ELISA confirmed that titer of PVY-CP was accumulating in
the three lines at the same rate over the 20 day period (Fig. 3.IB). Therefore, no
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Fig. 3.1. Disease rating (lA) and PAS-ELISA absorbance values (IB)for transgenic
lines 1052-43 and 1052-74 (expressing the SMV-CP gene), and control 306
(containing the vector plasmid without the SMV-CP gene), plants inoculated with
PVY.
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resistance was seen in the CP(+)lines against this particular isolate of PVY.

TVMV-NC148 challenge caused mild symptoms to develop in systemic leaves in
all three lines tested (Fig. 3.2A). No symptoms were seen until day 6 and all plants
had a disease rating of less than 1 on day 20. Control line 306 had slightly lower

ratings than the SMV-CP(+)lines throughout the latter half of the experiment.
Interestingly, PAS-ELISA absorbance values for SMV-CP(+)lines were lower than
values for line 306 except for one day (Fig. 3.2B).

Symptom development in plants inoculated with TVBMV was delayed and

moderately reduced in transgenic lines expressing SMV-CP (Fig. 3.3A). The 306
line consistently had more leaves with vein clearing and necrotic areas were more

frequent. Absorbance values for line 1052-43 were lower than line 306 controls

through day 6. Absorbance values for line 1052-74 were lower than line 306
experiments until day 20 (Fig. 3.3B). Line 1052-74 had higher levels of protection
than 1052-43 for this virus.

The highest level of protection (20 days) was found in plants inoculated with
TEV. No disease symptoms were seen until day 12 in line 1052-43 and day 16 in
line 1052-74, whereas line 306 had severe symptoms at day 6 (Fig. 3.4A).
Absorbance values (PAS-ELISA) were drastically lower in TEV-CP in systemically
infected leaves of SMV-CP(-I-) plants (Fig. 3.4B).
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PVY Dilution ExDeriment

In dilution experiments with PVY, symptom development in transgenic lines,
1052-43 or 1052-74 was similar. The 1:10,000 dilution had a few infected plants, but
no noticeable difference was detected between the 306 line and the SMV-CP(-I-)

transgenic lines. Most plants became infected at 1:1000, and all plants were infected
with the same severity in all lines at the 1:1000, 1:100, and 1:10 dilutions.

Discussion

Protection was not observed in lines 1052-43 or 1052-74 when challenged with

PVY-TNIOO. Plant lines all became severely infected with PVY. Although this is in
direct conflict with an earlier study (65), it is possible that the virus liter used here

could have been higher than the previous evaluation. In Stark and Beachy's study,

the virus was purified from infected tissue and the concentration determined.
However, it was not known how many of the particles from the purification were

infective, whole virions capable of causing disease. Here, plant sap was used for

inoculation of transgenic plants. Therefore a dilution experiment using plant sap was

attempted to see if plants were tolerant to a lower the inoculum concentration. Again,
protection was not seen in any of the SMV-CP(-l-) lines when challenged with PVYTNIOO at several dilutions. The PVY-TNIOO isolate used here may have been more
virulent than the PVY strain used in the earlier study.

Inoculation of TVMV caused only mild symptoms to appear on the leaves of

transgenic and control tobacco. Symptom ratings were very low over the 20 day
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period for all lines. Absorbance values were similar for 1052-43, 1052-74, and 306.
It was concluded that the Xanthi tobacco was not a good host for this isolate of
TVMV. Therefore, control plants did not allow high viral replication or movement,

and virus titers and symptom expression remained low within the 306 line.
Moderate protection to TVBMV was seen in SMV-CP(+) tobacco. Symptom

expression in systemically infected leaves was significantly less in lines 1052-43 and
1052-74 than in line 306 control. Interestingly, the concentration of virus within the

systemic leaves at 8 days was close to that of the control plants. By day 20 the
transgenic lines had virus titers equal or more than controls. The symptom

expression was not as great due to the protection to this virus by the presence of the

CP gene. This type of protection is described as tolerance. This improves the quality
and grade of the tobacco and is useful to study the mechanisms of symptom
expression. However, these types of plants are not desirable for field use as they

would only act as reservoirs for TVBMV. The lack of symptoms would help to
protect the virus since it could remain unnoticed in the field.
Broad spectrum resistance was seen for the entirety of the experiment (20 days)
with the challenge of TEV. Control plants were severely infected with the typical
etching pattern caused by this virus. PAS-ELISA confirmed movement and

replication of virus within systemically infected leaves. Only extremely low levels of
TEV-CP were found in systemic leaves of a few transgenic plants. Systemic leaves in
the transgenic lines were virtually symptom free with the exception of a few plants
with symptoms on only one leaf.
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Transgenic plant lines reacted extremely different to the four potyviruses.

Potyviruses used in this study, TVMV, PVY, TVBMV, and TEV, had 63%, 69%,
70%, and 72% amino acid sequence homology, respectively, with SMV-CP (Fig.

3.5). If the mechanism responsible for protection was inhibiting uncoating of virus
particles or the recoating of RNA due to the presence of SMV-CP, it should have
been seen in all virus challenge because of CP similarities. The protection against
TEV infection could be due to blocking of an early infection event such as minus

strand synthesis, or the presence of the CP gene could inhibit the ability of the virus
to move from the site of infection into the vascular tissue. Another mechanism may

involve interference with transportation proteins necessary for movement of the virus

to systemic tissue. Protection seen to TVBMV involves mechanisms related to
symptom expression since the virus was present in concentrations comparable to
controls in systemic leaves. Due to the fact that Xanthi tobacco was not a suitable
host for this isolate of TVMV, it could not be evaluated for protection. The

transformation of the SMV-CP gene into a suitable host, such as hurley tobacco,

would yield more information. The PVY isolate used here was able to overcome all
resistance mechanisms offered by the SMV-CP transgenic plants.
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Figure 3.5. Alignment of the predicted amino acid sequence of the SMV-CP with
coat protein sequences from other potyviruses. Identical amino acid residues are
indicated by a black box, while non-matching amino acids are indicated by a white
box. Similar amino acids are indicated by a gray box. This figure was generated

using the Prettybox program (Whitehead Institute, Boston, MA.)
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CHAPTER 4

TRANSFORMATION SYSTEMS
Literature Review

Agrobacterium tumefaciens
Agrobacteriwn tumefaciens is a soil borne bacteria that invades wounded plants.

Host range of the bacteria is fairly wide among dicots, though few Agrobacterium

strains are known to successfully infect monocots. Exudates from plant wounds
induces the bacteria to transfer DNA (T-DNA) into the chromosome of the wounded

plant cell. Genes that stimulate the transfer of genetic material are called v/> genes
(2,5). The T-DNA is bordered by 25 bp repeats which are conserved sequences
involved in the processing, transfer and possibly the integration of the T-DNA into

plant nuclear DNA (69). The right border sequence is essential for the transfer of

genetic material while the left sequence is not as critical (62). Between the border
sequences are genes that code for several hormonal products, which cause the
formation of tumors or galls, and opines, which supply a source of carbon and
nitrogen for the invading bacteria (34,68). For plant genetic engineering purposes the
hormone and opine genes are deleted and replaced with a selectable marker gene and

a gene encoding for a desired product. The exact mechanism of how transformation
of plant chromosomes via Agrobacterium occurs is not known but several vir genes
help facilitate the DNA transfer.

Agrobacterium tumefaciens has been used to transform explants or protoplast in
30

vitro. A known concentration of bacteria is co-cultivated with plant cells. The media
is conducive to both bacterial infection and regeneration of plants. Several factors

influence the frequency of transformation including the cocultivation period and
bacterial dilution. In tomato and tobacco a cocultivation period of 48 hr with

Agrobacterium strain LBA4404 at a concentration of 1 X 10 * to 5 X 10 ® bacteria/ml
is optimal for transformation (17). High concentrations of inoculum can result in
necrotic reactions and lower regeneration rates by the explants.

Vind Vectors

Few viruses have been used as vectors of genes into plant systems. Foreign genes
are inserted into the viral genome and plants are inoculated (4). This system

unfortunately has a high rate of rearrangement. Viruses containing ssDNA like
tomato golden mosaic virus(TGMY)(29,30), cassava latent virus(CLY)(75) and
wheat dwarf virus(WDY)(16) were first to be successfully transformed used viral

vectors. RNA viruses with chloramphenicol acetyl transferase (CAT)in brome
mosaic virus(BMY)(18) and TMY have also been used as vectors (67). Yiral
vectors provide rapid cell to cell and systemic infections within days of inoculation
and no plant regeneration is required. If the system is perfected, transformation could
occur in the field. This would work well in plants with long generation cycles or

vegetatively propagated crops. The primary limitation of this technique is that the
size of the foreign gene insert must be small enough to be encapsidated by the virus
since encapsidation is necessary for most viruses to move within a plant system.
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The largest integration without any disruption to replication of the virus, was the
addition of a 1.1 kb sequence into TGMV (74), Also, host range of most viruses is
more limited than that of Agrobacterium. Further, viral genes causing disease must
be disarmed, and the plants must be reinoculated with each generation because few
viruses cross into the germ cell line.

Direct Gene Tranter

Direct DNA uptake through induced transient pores in the plasma membrane has
been accomplished by chemical (16,35,51,52) and electrical means (19). In this

system there are no host range restrictions but regeneration of plants is difficult.
Problems arise out of incomplete, rearranged or concatemerized DNA inserts which
have been observed in plants transformed with this technique (8,26,58). The
mechanism by which the DNA insert is integrated into the plant genome is unknown.

Particle Bombardment

Tungsten or gold beads measuring 1.2 micrometers are coated with aliquots of
DNA containing the coat protein gene. They are projected by acceleration by the use
of gunpowder, electricity, or helium. Particles are released through a small aperture
in the plate towards a target, travelling 1000 - 2000 ft/sec. Several deliveries of
DNA into plant tissue have been reported since Allium cepa L. epidermal tissue was
transformed (66). Several factors must be optimized for the successful

transformation, such as the frequency of hitting target tissue, regeneration rate from
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bombarded tissue and the level of gene expression. Velocity and path of the particle
must be controlled achieve reproducible results. Techniques are being developed to

improve the frequency of gene expression by improving the amount of DNA reaching
the nucleus of the cells and by protecting the DNA from cytoplasmic enzymatic
degradation.

Other Techniques

Electroporation of protoplast creates a hole 6 nm in diameter for 6 /iS. It
increases the permeability and conductivity therefore allowing for DNA uptake. The
pores seal after the cells are returned to room temperature (43). The system works
well for monocots such as rice (8) and maize (57).

Microinjection uses glass capillaries of 1 /tm in diameter to directly deliver DNA
into the cytoplasm or nucleus of a cell. The NPTII gene was inserted in this manner
into tobacco (6). Utilizing a laser, subcellular microsurgery was developed by Weber

(76) for gene transfer into plants. A nitrogen laser coupled with an optical system of
an inverted microscope focuses on a membrane covered with a coat of foreign DNA

in Brassica napus L.. This is also a technique for transforming organelles and
transferring genes into pollen.

An unusual system was developed by Luo and Wu (40) in 1988 to transform rice.
By cutting the stigma of a flower and applying DNA, the DNA integrated down the
pollen tube through the pistil into the embryo sac. During fertilization the DNA was
integrated into the embryo yielding a transformant. This work has not been
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confirmed.

Agrobacterium is still the "work horse" for plant genetic engineering. The major
limitation of the system is the difficulty of regeneration of cereal crops from tissue
culture. Direct DNA uptake is the most successful system for crops not compatible

with Agrobacterium. With improvements to particle bombardment and viral vectors,
these system may prove effective in the future for plant transformations.
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CHAPTER 5

DEVELOPMENT AND EARLY DETECTION OF TRANSGENIC
BURLEY TOBACCO EXPRESSING SMV-CP
Introduction

The purpose of this study was to transform hurley tobacco with the SMV-CP
gene. The construct for transformation via Agrobacteriwn was developed by ligating

the CP gene of SMY into a binary vector. The CP gene was contained within the
right and left border sequences. All the genomic material in between these regions

are capable of being transferred into the chromosomes of plants via Agrobacterium.

In this study the SMV-CP gene was placed in the T-DNA region in a binary vector
and transformed via Agrobacterium that carried a disarmed Tj into hurley tobacco.
Transgenic plants in the Ro generation were identified by early detection methods.

Experiments to test for resistance to viruses through CP-MP are usually conducted
with R2 generations, however initial screening may begin at the Ri generation.
During the Ri generation, seeds from transgenic plants may be germinated on
selection media containing kanamycin. The ratio of germinated to ungerminated seeds
can be used to determine the number of copies within that transgenic line. Ri plants

are then selfed to produce homozygous R2 plants that can be challenged with virus to
screen for protection. Early detection for CP genes in transgenic Ro plants by using
hot start PCR and nonradioactive colorimetric probes can be used to eliminate
untransformed material which survived antibiotic selection.
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Methods and Materials
Construction ofpBI2-21B

All enzymes were purchased from Gibco BRL (Bethesda, MD)unless otherwise
specified, and used according to manufacturer's instructions. Plasmids were
maintained in Escherichia colt strain DH5a. Agrobacteiium tumefaciens strain

LBA4404 and binary vector pBI121 (Fig. 5.1A) were purchased from Clonetech (Palo

Alto, CA). Plasmid SM2-21B was a kind gift from Dr. R.N. Beachy (Fig. 5.IB).
Antibiotics were purchased from Sigma (St. Louis, MO).

Cloning Strategy

The plasmid pSM2-21B contains the 3' terminus of the SMV genome, which
includes the coat protein coding region. In order to facilitate cloning and expression
of the CP gene, two restriction sites, Bgl 11 and Nco I, were engineered at the

beginning of the CP coding region by Eggenberger et al. (13). The Nco I site
contains the translation initiation codon necessary for expression of the CP gene.

The plasmid pBI121 is a plant transformation vector which contains a CaMV 35S
promoter, a GUS cassette, a polyadenylation signal(NOS terminator) and a
kanamycin resistance gene.

For plant transformations, GUS cassette in pBI121 was replaced with a restriction

fragment from pSM2-21B containing the SMV-CP coding region (Fig. 5.2). The

plasmid pSM2-21B was digested with Eco RI, and the restriction site filled in with
Klenow fragment to create blunt ends (60). Further digestion with Bgl n
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Figure 5.1A
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CaMV 35S
KAN RES
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NOS
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EcoRl

EcoRI

.Bgll
Nco I

Figure 5.IB
Hindm

SMV CP

pSM2-21B
UTR

EcoRI

Figure 5.1. Diagrams of plasmids used for subcloning of pBI2-21B. (lA)Plant

vector pBI121 and (IB) plasmid pSM2-21B containing the soybean mosaic virus coat

protein gene.
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Figure 5.2 Cloning strategy for pBI2-21B.
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restriction enzyme yielded the desired fragment containing SMV-CP coding region,
including the translation initiation codon. The Bgl II - Eco RI fragment was isolated
from low melting point agarose following gel electrophoresis (60). The GUS cassette

was removed from pBI121 by digesting first with Sst I and filling in restriction site

with T4 DNA polymerase (60). A subsequent digestion with Bam HI released the
GUS cassette and the vector plasmid was isolated from low melting point agarose
following gel electrophoresis.

Purified restriction fragments were then ligated with the T4 DNA ligase according
to manufacturer specification. The Bgl II site of the SMV-CP fragment could ligate

only to the Bam HI site of the vector and the blunt ends created by the previous fill-in
reactions could be ligated together, thus forcing the gene into the correct orientation

for the expression of the CP. E. coli DH5a competent cells (60) were transformed
with the ligation mixture and plated on 2XYT media (see appendix) containing

kanamycin. Transformed colonies were selected for DNA miniprep analysis.
Restriction analysis of DNA minipreps digested with Hind III, Hind IQ and Eco RI,
and Nco I were subjected to electrophoresis on a 0.8% agarose gel (60). A plasmid
containing the desired SMV-CP construct was identified and designated pBI2-21B.

Agrobacterium tumefaciens Tran^ormation

Agrobacterium LBA4404 was transformed with the pBI2-21B using freeze-thaw
transformation method (21) and plated on LB (see appendix) streptomycin/kanamycin

selection plates. After three days several transformed colonies were selected, plasmid
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mini-preps (21) performed, and restriction analysis using the enzyme Hind HI
confirmed the SMV-CP insert. An Agrobacterium colony carrying the desired
recombinant plasmid (Agro-pBI2-21B) was used to transform hurley tobacco lines
Va509, L8, KY14 and male sterile Kyl4 (MS14).

Plant Transformation

Tobacco seeds were grown under greenhouse conditions. Flower heads were

bagged, dried, and the seeds recovered. Seeds were surface sterilized in a laminar
flow hood by the following procedure. Seeds were placed in a sterile 15 ml Falcon
tube and wetted down with 3 mis of 95% ethanol. Ethanol was removed using a

sterile pipet tip and bleach (40% w/v)(5 ml) with one drop of Tween 20 was added
to the seeds and agitated for 8 minutes. Seeds were rinsed with three sterile water
washes and plated on 1/2 MS (Sigma, St Louis, MO)(see appendix) plates and placed

in a growth chamber at 25*C with an 18hr/6hr light/dark period. When the seeds had
germinated they were placed on MS media. Seedlings were transplanted to
Magentum boxes containing MS media.

Tissue was cut into 1/2 cm pieces and placed onto RMB induction media for two

days. During this two day period, Agrobacterium-pBl2-2lB was grown in LB broth
containing 25 ng/ml streptomycin to an ODgoo of 0.5 to 1.0. The broth culture was
diluted 1:10 with LB broth and leaf pieces were dipped into the dilution culture,
blotted on sterile filter paper, and placed on RMB induction media. The

Agrobacteriim-pBl2-2lB and leaf tissue were cocultivated for two days in at 28*C in
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the dark. After two days, leaf pieces were rinsed in RMB broth containing 250
Hgfml cefotaxime and placed onto shoot induction RMB media with 250 ixgfml
cefotaxime until shoots began to appear. The shoots were removed from the leaf disc

and placed onto MS media containing 50 jug/ml kanamycin and 250 ^g/ml cefotaxime
(21). Dark green shoots that survived on kanamycin selection were moved to MS

rooting media (see appendix) with the appropriate antibiotics for three weeks. When
an extensive root system appeared, agar was carefully washed from the roots and the

plants transplanted to 6" clay pots containing Fafard no. 4 soilless potting mix.
Regenerated plants were screened for the production of SMV-CP using PASELISA as described previously. SMV antisera was diluted 1:1000 for detection.
Positive controls were SMV infected soybeans (Glycine max cv. 'Essex'), 1052-43,
and 1052-74 (65). The negative controls were plant sap from 306 (65) and healthy N.
tabacim cv. Hurley 49.

Plant DNA Isolation and PGR Ampl^ication

Plant genomic DNA was isolated using the method of Yoon et al. (77) and DNA
concentrations were determined using a UV 160U spectrophotometer (Shimadzu,

Japan). In order to confirm presence of the SMV-CP gene into tobacco PGR

amplification was carried out using two 21-mer primers selected from the SMV-CP
gene (Fig. 5.3). Primers having greater than 50% GC content, 2-3 G's or C's at
3' ends, and no apparent stem loops or homology between primers were selected.
Primer 1, GAGCACCAGTAGTAGTAAGGG (Integrated DNA Technologies, INC.
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1041

+
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TACAAACAACAGGA

Figure 5.3. Primers used for amplifying the SMV-CP gene. Primer #1 (51-72)
selected from the SMV-CP gene and Primer ff2 (988-1009) selected from the 3' UTR.
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Coralville, lA), was selected from near the beginning of the SMV-CP region and
Primer 2, CACTCTTCAAAGGGCTCCGGC (Integrated DNA Technologies, INC.
Coralville, lA), was chosen from the nontranslated region of SMV-CP (Fig. 5.3).

Each reaction tube contained 200 ng genomic DNA, 10 fil lOX Stoffel reaction
buffer, 0.2 mM dNTPs, 1 /ul Stoffel fragment(10 U), primer 1 and primer 2(150 ng
each) , and sterile dHjO up to 100 ^1 volume. Mineral oil (100 /xl) was layered on
top of the total reaction volume to prevent evaporation. Using a Ericomp Inc.

thermocycler (San Deigo, CA), the reactions were hot started (9,14,42) by heating for
3 mins. at 96*C and adding MgCl2 to 1.5 mM under the mineral oil. Thirty cycles of

amplification were carried out as follows: 94°C for 2 min, 54'C for 2 min, and
72*C for 2 min with a final extension at 72*C for 10 min. Positive controls

containing the SMV-CP were 1052-43 and 1052-74. Negative controls were the 306
(65) line and healthy nontransformed 'Xanthi' tobacco.

Southern Blot Analysis

Approximately 1/3 - 1/2 of the PCR reaction volume was applied to an agarose gel
and electrophoresed according to standard methods (60). DNA was transferred from
the gel to a (-h) charged nylon membrane (Boeringer Mannheim, Indianapolis, IN) by

capillary transfer (60). After baking to bind DNA to the blot, prehybridization and

hybridization of the membrane was preformed at 65*C in a sealed plastic bag
according to manufacturer's instructions for Genius System (Boeringer Mannheim,
Indianapolis, IN) except 1% and 3% Carnation powdered milk (Los Angeles, CA)
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solutions were substituted for Genius System blocking buffers. The Bgl n - Eco RI

fragment of pSM2-21B plasmid was labeled by a random priming reaction with
digoxigenin and approximately 10 ng/ml hybridization solution was allowed to
hybridize overnight to the membrane. After high stringency washing to remove non-

specifically bound probe (0.5 X SSC, 0.1% SDS at 65*C), immunological detection
of the probe DNA hybridized to the PCR-amplified products was performed as
described in the Genius kit protocol. In this reaction, an anti-digoxigenin-alkaline
phosphatase conjugate is applied to the membrane which then can react with a color

solution containing 5-bromo-4-chloro-3-indoyl-phosphate and nitroblue tetrazolium
salt. This reaction creates a blue-purple color precipitation wherever the SMV probe

hybridized to the membrane, thus indicating PGR products homologous to the SMVCP gene. The color reaction was stopped by washing the filter in dHjO after about 5
7 min. to prevent overdevelopment of the color precipitant.

Results

Construction ofpBI2-21B
Cloning Strategy

Several E. coli transformants from the ligation reaction were analyzed, however

only one colony (designated E.coli #29) was determined to contain the appropriate
plasmid of pBI2-21B. Restriction analysis of E. coli #29 with Hind III yielded the
appropriate 1.2 kb fragment while the control, pBI121, was linearized. Further
verification was completed by a double digest of Hind HI and Eco RI. Two
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fragments of the appropriate size were released, one measuring 1.2 kb and the other

= 0.6 to 0.7 kb. Digestion of pBI121 with Nco I yielded three fragments while
digestion of plasmid E. coli #29 yielded four fragments. A complete restriction map
of pBI121 was unavailable. The construct was assumed to be inserted correctly since
pBI2-21B contains a Nco I site in the SMV-CP gene and an additional fragment was

released during the Nco I digest. This construct was used to transform
Agrobacterium strain LBA4404.

Agrobacterium tumefaciens Transformation

Agrobacterium strain LBA4404 was successfully transformed with pBI2-21B and
the transformations plated on streptomycin/kanamycin selection plates. Five colonies
were selected for the plasmid quick screen and restriction analysis with Hind III

yielded the appropriate 1.2 kb fragment. One transformant designated Agro #4 was
selected to use for transformation of tobacco.

Plant Transformation

Tobacco was transformed as described previously and four plants that survived

kanamycin selection were analyzed for the expression of the SMV-CP using PASELISA (Table 5.1).
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TABLE 5.1

PAS-ELISA ABSORBANCE VALUES OF TRANSGENIC PLANTS: 405„

Plant

Plant

Absorbance values

Absorbance values

SMY(-f-)

2.218

MS14 #1

0.462

1052-43
1052-74

1.964

0.022

1.080

Kyl4 #2
Kyl4 #5

306

0.023

Ya509 #3

1.435

B49

0.089

0.059

Two tobaccos, MS14 #1 and Va509 ^3, tested positive with absorbance values of

0.462 and 1.435 respectively. The Va509 #3 gave values comparable to SMV-CP(+)
lines 1052-43 and 1052-74. The SMY infected soybeans [SMV(-I-)] had the highest

absorbance reading of 2.218. Other plants, Kyl4 #2 and Kyl4 #5, survived selection
but absorbance values were negative and comparable to the controls, 306 and

untransformed Burley 49 (B49), and were therefore not considered to produce CP at
detectable levels.

DNA Isolation and PCR Amplification

Only small amounts of tissue were available from the transgenic Rq for DNA
extractions. PCR was used to amplify DNA for Southern blot analysis using the
SMY-CP gene as a hybridization probe.

Amplified PCR products were analyzed by agarose gel electrophoresis, and all six
of the transformed plant DNA samples, 1052-43, 1052-74, MS14 #1, Kyl4 #2, Kyl4

#5, and Ya509 #3 yielded the expected 950 bp fragment (Fig. 5.4) Control lanes 306
46

123456789 101112 13

1500 bp-:
1000 b;
500 bp

Figure 5.4. Analysis of PCR products from untransformed and transformed
Nicotiana tabacum. Lanes are as follows: lanes 1 and 13 = kb ladder, lanes 2,3 and

12 = blanks, positive controls lanes 4 = 1052-74, 5 = 1052-43, negative controls
lanes 6 = 306, and 7 = Xanthi (untransformed), and transformed burley tobacco
lanes 8 = Va509 #1, 9 = MS14#2, 10 = Kyl4 #2, and 11 = Kyl4 #5.
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and nontransformed Xanthi did not contain any distinct, amplified band.
Southern Blot Analysis

The 950 bp fragment evident in all the transformed samples hybridized with the

SMV-CP gene probe specifically. No specific hybridization was seen in control lanes
(Fig. 5.5).

Discussion

Burley tobacco cultivars Va509 and MS14 were successfully transformed and

expressed SMV-CP. The Va509 #3 expressed the coat protein at levels comparable to
the levels of Beachy's transgenic Xanthi expressing the same protein (65). MS14 #1
tested positive for the expression of coat protein, however at a significantly lower
rate. Two other plants, Kyl4 #2 and Kyl4 #5, contained the coat protein gene but
were nonexpressors or expressing at levels not detectable by PAS-ELISA.

Confirmation of the presence of the SMV-CP gene was by PCR amplification and

hybridization to the SMV-CP gene probe. Number of insertions into the tobacco
genome could not be determined by this method. Plants which contain the SMV-CP
gene but did not express CP the protein may have had the gene inserted into an

transcriptionally inactive area of the chromosome or may have become separated from
the 35S promoter. Other plants survived kanamycin selection but were not ready in
time to test for the presence of the SMV-CP gene for the writing of this manuscript.
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Figure 5.5. Southern blot of PGR products hybridized with the probe for the soybean
mosaic virus coat protein gene. Lanes are as follows: lane 1 = blank, positive
controls lanes 2 = 1052-74 and 3 = 1052-43, negative controls lanes 4 = 306 and 5

= Xanthi (untransformed), and transformed burley tobacco lanes 6 = Va509 #3, 7 =

MS14 #2, 8 = Kyl4 #2, and 9 = Kyl4 #5.
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CHAPTER 6

SUMMARY

Burley tobacco transgenic for SMV-CP developed in this study should be selfed
twice to obtain homozygous tobaccos. Then the same evaluation for CP-MP used in
the Xanthi study may be performed. It will be interesting to compare the protection
between the two cultivars. Even though the two tobacco cultivars are of the same

species, Nicotiana tabacum, phenotypically they are distinct and react differently to
viral infection under greenhouse and field conditions. The burley cultivars may react

differently than the Xanthi tobacco and the SMV-CP insertion may provide better or
worse protection to plants when challenged by the same four potyviruses. Whether or

not the protection against TEV will hold up remains to be seen. Obviously, since
Xanthi was not a good host for this isolate of TVMV and TVMV causes severe

disease in burley, a better determination of CP-MP against this isolate may be

analyzed in the burley cultivar. It is possible that protection to PVY and TVBMV
will improve in the transgenic burley tobacco developed here.

Further analysis of genomic DNA using Southern blot analysis would not only
identify the presence of the SMV-CP gene but also insertion in the plant chromosome
and copy number. Early detection methods of Ro generation only identifies the
presence of the CP gene. It is possible that the SMV-CP gene was amplified from
persistence Agrobacterium. Analysis of genomic DNA digested with restriction

enzymes from sites within and outside of the T-DNA region would confirm insertion.
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If DNA cut from the genomic DNA was larger than the plasmid used for
transformation it would have to come from genomic DNA. This experiment should
be done during the Ri generation.

The only other reported hurley cultivars transformed and having CP-MP were TN

90 and Kyl4 using the PVY-CP which was challenged only with other PVY isolates
(66). Transgenic hurley tobacco developed here could he crossed with TN 86 and
TN 90. With the resistance of TN 86 and TN 90 to TEV, TVMV, and some isolates

of PVY, coupled with the resistance provided by the SMV-CP, a highly resistant
tobacco could be developed.

Different constructs of the SMV-CP gene may yield better protection. In one

study, three stop codons were inserted before the open reading frame of the TEV-CP
gene (37). Although the coat protein was not expressed, the presence of the TEV-CP
mRNA transcripts provided immunity to challenge with TEV. By engineering three

stop codons before the SMV-CP gene the same immunity could be achieved.
Transforming plants for resistance to virus infection yields many benefits. As
more studies of CP-MP with other virus groups and different hosts are completed the

development of molecular techniques will improve and the mechanisms responsible
for resistance will become more clear. In understanding the mechanisms involved we

will also get a better understanding of viral infection, replication and movement. As
more dsDNA viruses and viruses having multiple CPs are studied, mechanisms of

how CP provide protection will be better understood. As of now, mechanisms
responsible for CP-MP are not understood.
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APPENDIX
RMB Shoot Induction Media:

4.3 gm

MS basal salts

5 ml

200X B5 vitamins

30 gm
800 ml

sucrose
dHiO

Dissolve ingredients. Add 6-benzylaminopurine to [final] of 1 ^g/ml as follows:
Dissolve 0.01 gms BAP in IN NaOH.
Add 100 /tl to 1 L of MS agar.

Adjust pH of media to 5.7 to 5.8 with 1 N or 0.1 N KOH. Bring volume up to 1 L.

Add 7.5 gms plant tissue culture agar.
MS Rooting Media

4.3gm

MS basal salts

5 ml

200X B-5 vitamins

30 gm

sucrose

800 ml

dHjO

Dissolve ingredients. Add a-naphthaleneacetic acid to [final] of 0.1 fig/ml as follows:
Dissolve 0.01 gm NAA in 1 ml EtOH. Slowly add 4 ml dHzO (while vortexing).
Add 50 /il of this to 1 L MS agar.

Adjust pH of media to 5.7 to 5.8 with 1 N or 0.1 N KOH. Bring volume up to 1 L.
Add 7.5 gm plant tissue culture agar.
200X B-5 Vitamins:

2 gm
0.2 gm
0.02 gm
0.02 gm

myo-inositol
thiamine HCL
nicotinic acid
pyridoxine-HCl

Dissolve above in 100 mis sterile dHzO. Filter sterilize. Store at 4*C, protected
from light.
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MS Plates:

4.3 gm

MS basal salts

5 mis

2(X)X B-5 vitamins

30 gm
800 ml

sucrose
dHjO

Adjust pH to 5.7 to 5.8 with 1 N and 0.1 N KOH. Bring volume up to 1 L. Add
7.5 gm plant tissue culture agar.

LB rLuria-BertanH Broth/Media
Per L:

10 gm
5 gm
10 gm

bacto-tryptone
bacto-yeast extract
sodium chloride

pH to 7.4 with NaOH.

For plates, add 15 gm agar/L.
Autoclave 20 - 25 min for liquid, 35 min with agar.
2XYT Broth/Media
Per L:

10 gm
10 gm
16 gm

yeast extract
NaCl
bacto-tryptone

pH to 7.4 with NaOH.

For plates, add 15 gm of agar/L.
Autoclave 20 -25 min for liquid, 35 min with agar.
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